Abstract: Differentiation of haustoria on primary infection hyphae of the fungal pathogen Puccinia striiformis was studied in wheat seedlings with twophoton microscopy in combination with a classical staining technique. Our results showed a significant increase in the average haustorium size 22, 44, 68, 92 and 116 h after inoculation (hai). After 116 hai no significant change was observed until 336 hai. Haustorium morphology also changed significantly during the time of infection. Initially small spherical haustoria were seen, but as they grew the haustoria gradually became apically branched. At 22 hai all observed haustoria were spherical, but at 44 hai most haustoria had an irregular structure, and at 92 hai all observed haustoria appeared branched. Along with the changes of the haustorial body the haustorial neck changed from narrow and slender to having an expanded appearance with a rough and invaginated structure. The structural changes were similar in two susceptible wheat varieties, 514W and Cartago, although the mean haustorium size was larger in 514W than in Cartago at all intervals.
INTRODUCTION
Yellow rust caused by the fungal pathogen Puccinia striiformis is one of the most important diseases on wheat, Triticum aestivum (Hovmøller et al. 2010) . Like all rust fungi, P. striiformis is an obligate biotroph, depending on living host tissue for growth and reproduction. One of the characteristics of obligate biotrophs is the formation of haustoria, which are highly specialized structures that function as the main interface between the pathogen and its host. Haustoria play an important role in water and nutrient acquisition and in signaling between the pathogen and the host, including suppression and induction of plant defense (Catanzariti et al. 2007, Voegele and Mendgen 2003) . Detailed knowledge of haustorium development and morphology therefore form an important basis for our understanding of plant-pathogen interaction.
Many rust species have complex life cycles with up to five spore types that are either mono-or dikaryotic (Cummins and Hiratsuka 2003) . Heteroecious rust species such as P. striiformis alternate between hosts for sexual and asexual reproduction (Bushnell 1972 , Jin et al. 2010 . The asexual host is infected by dikaryotic spores, either aecidiospores produced on the sexual host or asexually produced urediniospores. In the case of P. striiformis urediniospores can be produced in great numbers on susceptible wheat varieties during the main growing season. Mycelia originating from dikaryotic spores form specialized Dhaustoria, which are differentiated into specialized regions, including the haustorial neck and the haustorial body. In general, the host for the sexually reproducing stage is infected by monokaryotic basidiospores and the mycelia originating from these produce M-haustoria that resemble intracellular hyphae with less clear differentiation than D-haustoria (Chong et al. 1981) . Both M-and D-haustoria are formed between the cell wall and plasma membrane of affected host cells, and an extrahaustorial matrix is formed. Most structural and cytological studies of haustoria have examined D-haustoria by means of electron and bright field microscopy Chong 1991, Littlefield and Heath 1979) .
Haustoria of P. striiformis in wheat leaves have been visualized by fluorescence microscopy (Cartwright and Russell 1981) and transmission electron microscopy (e.g. Kang et al. 2002; Ma and Shang 2004, 2009) . In recent years, microscopic techniques, such as confocal and two-photon microscopy, which allow optical sectioning and 3-D reconstruction of structures, have become increasingly popular in biological sciences. In studies focusing on the effect of host resistance on P. striiformis development, Moldenhauer et al. ( 2006) and Bozkurt et al. ( 2010) used confocal microscopy to view infection structures and host cellular responses. However neither study reported observations of haustoria. In the present study, two-photon microscopy was used in combination with a classical staining technique for visualization of Dhaustoria of P. striiformis in fixed whole leaves of seedlings of two susceptible wheat varieties. The results represent the first detailed study of the spatial and temporal development of haustoria during compatible interaction between P. striiformis and wheat.
MATERIALS AND METHODS
Pathogen and plant material.-DK 24/95, a typical isolate of the northwestern European lineage (Justesen et al. 2002) , was used together with two wheat varieties, Cartago and 514W (Milus et al. 2009 ), which have no identified yellow rust resistance genes. Twelve seeds of each variety were sown in 7.5 cm square pots filled with Pindstrup substrate, a standard peat-based mix with slow release nutrients (Pindstrup Mosebrug A/S, Ryomgaard, Denmark). Pots were placed in trays covered with plastic lids to ensure high humidity during germination and then moved to sporeproof greenhouse cabins. Artificial light, 50-100 mEm 22 s
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, was applied when daylight was less than 10 000 lux. Alternating periods of 16 h light (17 C) and 8 h darkness (12 C) were used before and after inoculation. Plants were trimmed to 10 uniform plants per pot before inoculation.
Inoculation.-Spores were harvested from infected seedlings of Cartago, which had been shaken 48 h before spore harvest. The fresh spores were mixed 1 : 5 (w/w) with talcum and immediately used to inoculate the second green leaf of 16 d old seedlings. Spores were applied to a 2 cm long area of the adaxial, central part of the leaf with a camel hair brush (Size 1). This method resulted in a colony density sufficient to give an appropriate number of nonoverlapping infection sites during early infection, which allowed robust estimates of the observed parameters. Five pots of seedlings were inoculated for each variety. Afterward plants were placed in trays, sprayed with water and covered to keep 100% relative humidity during incubation at 10 C for 22 h. After incubation pots were transferred to the greenhouse and randomized in a spore-proof cabin with light and temperature conditions as described above.
Sampling and staining.-One inoculated leaf segment per pot was sampled at 22, 44, 68, 92, 116, 140, 164 and 336 h after inoculation, resulting in five leaf samples per host variety per sampling. Fixation and staining was done according to Moldenhauer et al. (2006) with a few modifications. Leaf segments were fixed and cleared in ethanol : chloroform (3 : 1, v/v) + 0.15% (w/v) trichloroacetic acid at least 24 h. After being washed twice in 50% ethanol they were incubated in 0.05 M NaOH for 30 min. Specimens were rinsed in water before being submerged in 0.1 M Tris-HCl buffer (pH 5.8) for 30 min. Afterward they were stained 5 min in 0.1% (w/v) Uvitex 2B (Polysciences Inc.). Specimens were washed four times in deionized water (DI) and stored overnight in DI. Before mounting on microscope slides specimens were dehydrated through a series of glycerol concentrations of 5, 15, 25 and 50% (w/w). Specimens were left in each concentration for 45 min. Seventy-five percent glycerol was used for mounting, and slides were sealed with VALAP (Vaseline : lanolin : paraffin [1 : 1 : 1] w/w).
Microscopy and imaging.-Fungal structures were viewed by an inverted Zeiss LSM 510 confocal microscope (Zeiss, Jena, Germany) equipped with a Plan-Apochromat 633/1.4 oil immersion objective. Excitation of Uvitex-2B stained structures was done with a Mai tai two-photon laser at wavelengths of 720 nm. Emitted light was scanned with filters settings for short passing of 685 nm. The sizes of the haustoria were determined by focusing on the optical layer where the haustorium appeared largest. The haustoria on two primary infection hyphae originating from the substomatal vesicle were measured in five colonies per leaf segment. This resulted in up to 50 haustoria observations per host variety per time interval. Length and width of haustoria were determined with measurement functions in the LSM 510 commercial software from Zeiss 3.2.
For 3-D projection z-stacks were collected with 1 mm separation of images. 3-D image projection was performed with Zeiss LSM image browser 4.2.0.121. Further image editing of 3-D projections, such as size adjustments and sharpening, was done with Adobe Photoshop CS5 (Adobe Systems Inc. San Jose, California). Volume and surface area of selected haustoria were determined by 3-D object counter (Bolte and Cordelières 2006) in Fiji (http://fiji.sc/wiki/ index.php/Fiji). Images for determination of volume and surface area were preprocessed in Fiji by manual threshold and morphology operations. Varying intensities due to uneven staining were filled manually.
Statistics.-The size of the haustorium was calculated as length 3 width 3 p/4 (Baart et al. 1991 ) and the larger of the two observed haustoria per colony were used in the final statistical analysis. Data for haustorium size were square-root transformed. The data were analyzed in a mixed model using variety, time and their interaction as fixed effects. Pot was treated as a random effect with leaf as the residual effect. Due to unequal variances for some inspections separate residual variances were estimated for recording made early (at 22 hai) and late (after 22 hai). The possible models were compared with Akaike's information criteria (AIC) (Akaike 1974) . A model with residual variance depending on the time of recording (without random pot effect) was chosen for the final analysis. The parameters were estimated with residual maximum likelihood (REML), and based on the estimates the marginal means were calculated. The means were compared with Tukey-Kramer adjustments for multiple comparisons (Kramer 1956 , Tukey 1953 . Statistical analysis of haustorium size was carried out with the procedure in SAS 9.2 (SAS institute Inc., Cary, North Carolina).
Pearson's chi-square tests of independence were used to test the effect of time and variety on haustorium morphology. Fischer's exact tests were used to analyze relevant parings of data for variety and morphology. Statistical analysis of haustorium morphology was carried out with the procedure frequency in SAS 9.2 (SAS institute Inc., Cary, North Carolina).
RESULTS
Two-photon microscopy combined with uvitex 2B staining.-High-resolution 3-D images based on two-photon microscopy and Uvitex 2B staining revealed the structure of P. striiformis haustoria in fixed whole leaves of infected wheat seedlings. Haustoria and other fungal infection structures were visualized together with structures of plant leaf tissue (FIG. 1) . Visualized fungal structures included the substomatal vesicle (ssv) from which primary infection hyphae were formed (ph). Haustorial mother cells (hmc) clearly were separated from the rest of the mycelium by septa (s). The haustorium (h) originated from the hmc. Plant structures include epidermal cell walls (e), mesophyll cell walls (m) and cell walls of guard cells (g), which make up the stoma (only one of the guard cells is fully visible). In the hollow substomatal cavity (ssc) proximal to the stoma no other structures than the ssv were visible. Chloroplasts (c) inside leaf mesophyll cells also were clearly visible.
Temporal development.-Haustorial development was assessed by measuring the sizes of haustoria produced on the primary infection hyphae of colonies in two host varieties. Haustorium size was significantly affected by host variety and time without interactions between the two (TABLE I). Significant increase in mean haustorium size was observed between all sampling points up to 116 hai in both host varieties (FIG. 2) . After 116 hai no significant increase was observed until the latest observation at 336 hai. At this time spore production had been initiated, which had not been observed earlier. Also, a highly elaborate hyphal network and loss of leaf structure were observed at 336 hai. Mean haustorium size was larger in the host genotype 514W than in Cartago at all observations (FIG. 2) . Overall the effect of host genotype on haustorium size was highly significant (P , 0.001) (TABLE I).
Haustorial morphology.-It showed clear changes during the infection. At 22 hai all observed colonies had a substomatal vesicle with one to three primary infection hyphae (FIG. 3A) . The haustoria at 22 hai had a spherical body with a slender neck that connected them to a haustorial mother cell clearly defined by a septum (FIG. 3B) . To register morphological differentiation as an effect of time this morphological type was referred to as regular. At 44 hai haustoria with a more irregular and allantoid morphology were seen. These haustoria showed clear signs of protrusion and the neck area had become more visible (FIG. 3C) . This morphological type was referred to as irregular. At 68 hai both the haustorium and neck area had developed further (FIG. 3D) . Most observed haustoria had become apically branched Fungal structures were stained with Uvitex 2B and viewed by two-photon microscopy. All images are made by 3-D projection of acquired z-stacks. A. A substomatal vesicle with two primary infection hyphae at 22 hai growing around a host mesophyll cell. A zone of contact appears to have formed. B. Haustorial mother cell, haustorium and haustorial neck visible at 22 hai. C. A and the neck area had expanded further, now appearing rough and invaginated. This type was referred to as branched and seemed to represent the final morphological stage. The branched morphology was intact at 140 hai but the neck area had become even more pronounced than at 68 hai (FIG. 3E) . Two weeks after inoculation, 336 hai, the morphology of the haustoria were similar to structures seen at 116 and 140 hai but the central part of the haustorial body appeared rough and grooved (FIG. 3F) . Volume and surface area was estimated by image processing and analysis for selected haustoria (FIG. 3, 
TABLE II).
Spatial development and distribution of haustoria.-The relative distribution of the three morphological types of haustoria presented in the previous section was recorded at all times (TABLE III) . A highly significant association between time and haustorium morphology was observed (Pearson's Chi-square test: P , 0.0001), and likewise variety had a significant effect (P 5 0.0258). 514W had a higher ratio of colonies with a haustorium at 22 hai (Fischer's exact test; P 5 0.0378) and a higher ratio of branched haustoria at 68 hai (Fischer's exact test; P 5 0.0559) compared to Cartago. In both varieties all observed haustoria on the primary infection hyphae were branched after 92 hai. As the colonies developed, haustoria at different stages could be observed on other hyphae close to the infection site and most haustorial mother cells close to the infection site had formed a haustorium (FIG. 4) . In the periphery of colonies where the haustoria on the primary infection hyphae had reached the branched stage, young, spherically shaped haustoria were often observed (FIG. 5) . In some colonies haustoria on the primary infection hyphae were associated with host epidermal cells (FIG. 6) . Overall, 14 and 15% of the observed haustoria in 514W and Cartago respectively appeared to have developed in epidermal cells (data not shown).
DISCUSSION
Two-photon microscopy combined with a classical staining technique was used to study the development of haustoria in compatible interactions between Puccinia striiformis and wheat (Triticum aestivum). In contrast to previous studies, this let us make highresolution 3-D image reconstructions of haustoria and other infection structures in fixed whole leaves. Studies of P. striiformis haustoria had been based on electron microscopy (e.g. Kang et al. 2002; Ma and Shang 2004, 2009; Mares 1979a, b) and standard widefield fluorescence microscopy (Cartwright and Russell 1981) , which has much more limited options for 3-D recontructions and imaging of structures in whole leaves. Further, the present study provides the first detailed analysis of the spatial and temporal development of D-haustoria of P. striiformis, highlighting several characteristics in unprecedented detail. Our results showed significant structural changes of the haustorial body and the region around the haustorial neck during the infection. The haustorial body gradually changed from a spherical and highly regular shape in young haustoria to an irregular and apically branched appearance in older mature haustoria. The neck changed from a slender and hardly visible structure at the beginning to an elaborate and invaginated structure later in the infection.
It should be noted that fixation and clearing of the leaf tissue is necessary for in-depth imaging due to refractive and light scattering properties of living leaf material (Moreno et al. 2006) . The methods used in the present study have been widely applied in plant pathology (e.g. Jagger et al. 2011 , Moldenhauer et al. 2006 . Methods involving the same chemicals also have proven highly useful for the study of plant tissue architecture in combination with multiphoton microscopy (Wuyts et al. 2010) . Although these techniques may result in some shrinkage and distortion of the tissue due to dehydration, the fungal structures detected in our study generally appear nondistorted. r haustorium with an allantoid structure and clear signs of protrusion observed at 44 hai. D. Most of the observed haustoria were close to the final architecture at 68 hai with an apically branched structure. The neck area had expanded compared to 44 hai. E. The structure observed at 68 hai was intact at 140 hai, but the neck area was more pronounced. F. Haustorium at 336 hai. The surface of the central part of the haustorial body looks rough and grooved. ssv 5 substomatal vesicle; p 5 primary infection hyphae; c 5 contact zone; h 5 haustorium; n 5 neck area; hmc 5 haustorial mother cell. Bars 5 10 mm. For other rust fungi, the body of D-haustoria has been reported to range from spherical forms to highly branched structures depending on species and age (Berndt 1999 , Kemen et al. 2005 , Mims et al. 2001 . The branched structure of mature haustoria observed here is not uncommon in rust fungi (e.g. Hahn and Mendgen [1992] reported branching of haustoria from maize leaves heavily infected with Puccinia sorghii). Other studies of more distantly related species also reported branching of mature haustoria (e.g. Frommeëla Mexicana, which is a pathogen on Duchesnea indica [Mims et al. 2001] ). The function of branching is most likely to increase the contact zone between the pathogen and the host, which may create a surface large enough to ensure sufficient nutrient fluxes for colony growth and to secure a strong host-pathogen interaction. Estimation of volume and surface area is a challenging task, but in our study measurements were made for a number of selected haustoria. The results suggest that the surface area may increase more than 10-fold from small spherical haustoria to branched mature haustoria and that the branched haustoria observed at 68 hai were close to a final volume and surface area. However, due to a possible dehydration of samples, these volume and surface estimates may be smaller than for haustoria in living plants. Nevertheless, mature haustoria seem to take up significant space in affected host cells. Observations for Blumeria graminis on barley indicate that processes affecting the cytoskeleton of host cells are involved in accommodation of haustoria (Hoefle et al. 2011 , Opalski et al. 2005 . Several studies have found strong correlation between pathogen attack and rearrangement of plant cytoskeleton. In general, the actin cytoskeleton serves an important function for plant defense both against adapted and nonadapted pathogens (Schmidt and Panstruga 2007) . Based on the significant changes in haustorium size and morphology reported here, important questions here are how the interaction with the plant cytoskeleton changes during the time course of haustorium development and to what extent this interaction is under fungal control. The plant cytoskeleton might serve a function in shaping and supporting haustorium formation.
A characteristic of D-haustoria is a clear subdivision of the haustoria into specialized regions (Perfect and Green 2001) . One region is the haustorial neck, which is thought to serve a function in sealing off the extrahaustorial matrix from the plant apoplast and thereby facilitating nutrient uptake (Voegele and Mendgen 2003) . Koh et al. (2005) also showed that the neck marks the site where the extrahaustorial membrane becomes clearly different from the host plasma membrane in cells of Arabidopsis infected with Erysiphe cichoracearum. Based on transmission electron microscopy different structural features, connected to the haustorial neck, have been reported for rust fungi. The formation of a so-called collar at the site where the haustorium enter the host cell seems to be a general feature (Hu and Rijkenberg 1998 , Kang et al. 2002 , Mares 1979b . Collars have been defined as depositions of plant material between the host plasma membrane and the host cell wall (Harder and Chong 1984) , either in direct contact with the haustorial neck or separated from the neck by the host cell plasma membrane. Our observation of P. striiformis haustoria showed that the collars gradually increased in size and shape and in the oldest observed haustoria they seemed to cover most of the central body of the haustoria. The rough and invaginated appearance in mature haustoria are in accordance with observations based on electron microscopy (Baka 1992 , Mims et al. 2001 ) and thus most likely not an effect of sample treatment. The function and effect of these changes are not yet known, but Mims et al. (2001) discussed labyrinth structures surrounding the haustorial neck of haustoria of Frommeëla mexicana var. indicae as ingrowth of the host cell wall resembling secondary wall ingrowths found in plant transfer cells. Transfer cells facilitate solute transfer over short distances and are common at sites where elevated nutrient flow is necessary for plant development (McCurdy et al. 2008) . Cell wall ingrowth might serve as a host cell response to compensate for solutes lost from the cell to the haustorium. The deposition of callose seems to be common characteristic of collars (Kang et al. 2002 , Micali et al. 2011 ), a finding that also has been reported for cell wall ingrowth (McCurdy et al. 2008) .
Average haustorium size increased significantly between samplings up to 4-5 d after inoculation in both wheat genotypes after which no significant increase in size was observed (116-164 hai). At 336 hai, when spore production had been initiated, the haustoria were significantly larger. This change might be a result of spore production that probably increases the energy demand of the fungus. Haustorial morphology was identical in the two host genotypes, although they differed in size at all intervals. Data on morphology also indicated that haustorium formation was initiated earlier in 514W than in Cartago and that the branched stage was reached faster. Because both hosts facilitate compatible interaction with P. striiformis, difference in size may reflect histological differences in tissue structure or cell morphology. In both varieties older pathogen colonies possessed haustoria of continuous morphology, ranging from young spherical haustoria in the periphery of colonies to older haustoria with varying degree of branching closer to the substomatal vesicle. Approximately 15% of haustoria on primary infection hyphae were formed in epidermal cells in both host genotypes. Haustorium formation in epidermal cells also has been reported for two other wheat-infecting rust fungi, P. graminis and P. triticina (Harder et al. 1979, Hu and Rijkenberg 1998) .
In recent years several studies have dealt with proteome and gene expression analysis of haustoria formed by rust fungi (e.g. Godfrey et al. 2009 , Puthoff et al. 2008 , Song et al. 2011 . Such studies have revealed several new and important insights about the role of haustoria in host-pathogen interactions. Most have focused on one particular stage of infection, but based on the results of haustorium formation reported here it is important to address the question of how the interaction in a particular host cell changes as the haustorium develops. With the significant changes seen for haustoria of Puccinia striiformis in compatible interaction with wheat it is most likely that the character of the interaction changes during the infection. Thus, a detailed knowledge of haustorial development both in time and space serves as an important basis for a complete understanding of both the cytology and genetics of plant-pathogen interaction.
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